H/ACA small nucleolar ribonucleoprotein particles (snoRNPs) are essential for the maturation and pseudouridylation of the precursor of rRNAs and other stable RNAs. Although the RNA and protein components of these RNPs have been identified, the mechanisms by which they are assembled in vivo are poorly understood. Here we show that the RNA binding protein Naf1p, which is required for H/ACA snoRNPs stability, associates with RNA polymerase II-associated proteins Spt16p, Tfg1p, and Sub1p and with H/ACA snoRNP proteins. Chromatin immunoprecipitation experiments show that Naf1p and the pseudouridylsynthetase Cbf5p cross-link specifically with the chromatin of H/ACA small nucleolar RNA (snoRNA) genes. Naf1p and Cbf5p cross-link predominantly with the 3 end of these genes, in a pattern similar to that observed for transcription elongation factor Spt16p. Cross-linking of Naf1p to H/ACA snoRNA genes requires active transcription and intact H/ACA snoRNA sequences but does not require the RNA polymerase II CTD kinase Ctk1p. These results suggest that Naf1p and Cbf5p are recruited in a cotranscriptional manner during H/ACA snoRNP assembly, possibly by binding to the nascent H/ACA snoRNA transcript during elongation or termination of transcription of H/ACA snoRNA genes.
Small nucleolar ribonucleoprotein particles (snoRNPs) have essential functions in many gene expression pathways. Most of these particles are required either for rRNA processing or for site-specific modification of nucleotides of the 35S pre-rRNA precursor and of other noncoding RNAs (4, 9, 27) . A few snoRNPs are necessary for cleavage of the 35S, but the majority of them guide modifications of the bases or of the sugar phosphate backbone within the 35S (49) . snoRNPs are made of the association of a small nucleolar RNA (snoRNA) with several snoRNP proteins. These particles are classified into two major structural families, according to the specific RNA motifs present in the snoRNA. These two families of snoRNPs perform different cellular functions. Box C/D motifs are present in snoRNAs that guide the methylation of the 2Ј-hydroxyl groups of the ribose moiety of some nucleotides in the 35S rRNA precursor (20) . The box H and ACA motifs are found in snoRNAs that guide the pseudouridylation of nucleotides of the rRNA precursor or of other transcripts and in other stable RNAs such as the RNA component of vertebrate telomerase (20) .
Box H/ACA snoRNPs contain four core proteins, Gar1p, Nhp2p, Nop10p, and Cbf5p, which is likely to be responsible for the pseudouridylsynthetase catalytic activity (4, 6, 18, 34) . These proteins are strongly conserved from yeast to mammals (12) and have the same names, with the exception of rat Nap57 and human dyskerin, which are the mammalian homologues of Cbf5p (37) . Dyskerin has been the focus of intense genetic investigation, as mutations in the human gene encoding this protein have been linked to dyskeratosis congenita, an Xlinked genetic disease with a predisposition to gastrointestinal cancers (16, 38, 39, 45) .
The biogenesis of box H/ACA snoRNPs begins with the transcription and processing of the H/ACA snoRNAs. Most yeast H/ACA snoRNAs are generated from independent transcription units, while metazoan H/ACA snoRNAs are present within the introns of mRNA genes and are processed from the excised introns after splicing (5, 28, 29) . Most independently transcribed yeast box H/ACA snoRNAs are processed at the 3Ј end by a complex that includes the Nrd1p and Sen1p proteins, presumably associated with RNA polymerase II (46) . The packaging of box H/ACA snoRNAs into snoRNPs possibly occurs at an early stage of biogenesis, since 5Ј-unprocessed snoRNA precursors accumulation requires the presence of box H/ACA snoRNP proteins (18) . However, it is not known when these proteins bind to the RNA during the biogenesis process. After or during the course of their maturation, the snoRNAs are targeted to the Cajal bodies, also named coiled bodies, where it is thought that some of the snoRNP assembly processes will occur (reviewed in reference 14) . snoRNPs are then targeted to the nucleolus to function in rRNA processing and/or modification. Some RNPs remain in the Cajal bodies to guide the modifications of small nuclear RNAs (24, 43) .
In an effort to understand the biogenesis pathway of box H/ACA snoRNPs, several studies have investigated the reconstitution of these particles in vitro or the RNA binding properties of their constituent proteins (12, 17, 19, 50) . These studies have partially identified the RNA motifs and protein domains or amino acids required for the association of the snoRNP proteins with the box H/ACA snoRNAs in vitro. However, little is known about the process by which the RNA and the protein components become assembled into mature snoRNPs in vivo. While reconstitution assays provide valuable tools to understand the molecular details of RNA-protein and protein-protein interactions, these studies do not provide an understanding of the dynamics of the association between RNA and proteins in vivo in the context of other cellular processes such as transcription and nuclear import and export.
Some trans-acting factors have been identified as putative H/ACA snoRNP assembly factors in vivo. A predicted RNA helicase was identified as important for biogenesis of both box C/D and H/ACA yeast snoRNAs (26) . The Naf1p and Shq1p proteins have been suggested to function as yeast H/ACA snoRNP assembly factors (11, 13, 51) . These essential proteins are connected to H/ACA snoRNP proteins Nhp2p and Cbf5p by a network of interactions on the basis of genomic two-hybrid studies (23) and proteomics studies, which showed that both Naf1p and Shq1p copurify with overexpressed Flag-tagged Cbf5p (22) . Depletion of Naf1p or Shq1p leads to the destabilization of all H/ACA snoRNAs, and the absence of Naf1p also results in the depletion of some of the H/ACA snoRNP proteins, including Cbf5p (11, 13, 51) . Shq1p and Naf1p are not integral components of mature box H/ACA snoRNPs, even though Naf1p shows a weak association with mature H/ACA snoRNAs in vivo (11, 13, 51) . Shq1p and Naf1p are nucleoplasmic proteins (51) , with Naf1p showing a minor nucleolar localization (11) . Sequence analysis of Naf1p yielded a few clues regarding its potential functions. Naf1p contains a putative RNA binding domain (RBD) similar to that of the box H/ACA snoRNP protein Gar1p (3) and several regions of homology with the snoRNA 3Ј-processing factor-termination factor Nrd1p (46) . Consistent with the presence of the RBD, Naf1p displays RNA binding activity in vitro (13) . This activity is somehow specific to H/ACA snoRNAs; although Naf1p binds to a variety of RNA molecules in vitro, Naf1p-H/ACA RNA complexes cannot be competed away by U6 snRNA or other, unrelated molecules (13; C. Hoareau and Y. Henry, unpublished data). Naf1p is linked to the polymerase II transcriptional machinery, as shown by an interaction with the carboxy-terminal domain of RNA polymerase II (CTD) by two-hybrid analysis and in vitro pull-down experiments from yeast extracts (13) . Interestingly, the in vitro interaction between Naf1p and the CTD is observed when the CTD has been phosphorylated (13) . Both Shq1p and Naf1p have putative orthologs in higher eukaryotes (11, 13, 51) , suggesting that their function might be conserved across eukaryotes. Despite these observations, the precise function of Naf1p and Shq1p in the biogenesis process of H/ACA snoRNPs is unknown. In this study, we have investigated the role of Naf1p in H/ACA snoRNP assembly in vivo. We found that Naf1p interacts with RNA polymerase II components and with snoRNP proteins and that it associates specifically with H/ACA snoRNA genes. The pseudouridylsynthetase Cbf5p is also found associated with H/ACA snoRNA genes. Our results suggest a functional model of snoRNP assembly in which the early stages of assembly are cotranscriptional and begin with the recruitment of Cbf5p and RNA binding protein Naf1p by the snoRNA substrate.
MATERIALS AND METHODS
Yeast strains. Tandem affinity purification (TAP)-tagged strains were purchased from Open Biosystems or constructed by homologous recombination (44) . All of the strains used for chromatin immunoprecipitation (ChIP) experiments were TAP tagged at the C terminus of the corresponding proteins, except for Nhp2p, for which an Nhp2p-ZZ-tagged strain was used (17) . The ctk1⌬ strain was purchased from Open Biosystems, and a TAP tag was introduced into this strain as previously described (44) . Insertion of a galactose-driven promoter in front of the SNR32 snoRNA sequence was performed by homologous recombination with the cassette described in reference 35. Deletion of the SNR44 sequence within the chromosomal RPS22B gene in the Naf1-TAP-tagged strain was performed by a two-step homologous recombination method known as the delitto perfetto method (47) .
TAP tag purification. Naf1p-TAP and associated proteins were purified from extracts prepared from 4 liters of yeast cells grown in YPD medium (1% yeast extract, 1% peptone, 2% glucose) to an optical density at 600 nm of 0.6. Cells frozen in liquid nitrogen were broken with dry ice in a kitchen blender (Osterizer). The broken cell powder was resuspended in 10 ml of A200 buffer (20 . The eluted proteins were precipitated with trichloroacetic acid, separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, and identified by mass spectrometry as previously described (10) .
ChIPs. ChIPs were performed as previously described (31), with minor modifications. The buffers used are described in reference 31. A 100-ml volume of cells was grown to an optical density of 0.4 to 0.5. Formaldehyde was added to a final concentration of 1%, and cells were cross-linked for 20 min at 25°C with shaking. The cross-linking reaction was quenched with glycine for 5 min at 25°C. Cells were then washed twice with Tris-buffered saline and once with FA150 lysis buffer. Cell extract was prepared by breaking the cells with glass beads in lysis buffer for 40 min. Extract was collected and centrifuged at 200,000 ϫ g with a Beckman SW50.1 rotor. The pellet was resuspended in 800 l of lysis buffer and sonicated to obtain DNA fragments of around 100 to 1,000 bp as analyzed with ethidium-stained agarose gel. Immunoprecipitation of TAP-tagged or ZZ-tagged protein was done overnight at 4°C with IgG beads. The reverse cross-linking procedure was carried out at 65°C overnight. Isolation of chromatin was done by phenol-chloroform extraction and ethanol precipitation. A list of the primers used for snoRNA gene amplification is available upon request. For each ChIP experiment, PCR samples were taken at various cycles from the input extracts or the immunoprecipitates to ensure that PCR samples were in the linear range. 32 P-labeled PCR products were loaded onto acrylamide gels, and the products were quantitated with a PhosphorImager.
RESULTS
H/ACA snoRNP proteins and RNA polymerase II-associated proteins copurify with Naf1p. To gain further insights into the functions of Naf1p in box H/ACA snoRNP biogenesis, we purified Naf1p from whole-cell extracts by the TAP method (44) . Extracts were prepared from a yeast strain expressing Naf1p-TAP from the endogenous locus. Naf1p-TAP and associated proteins were purified, fractionated by SDS-polyacrylamide gel electrophoresis, and stained with Coomassie blue 3296 YANG ET AL. MOL. CELL. BIOL.
( Fig. 1 ). Proteins present in stained bands were then identified by mass spectrometry (Fig. 1) . The predominant bands observed on this gel contained Naf1p ( Fig. 1, band 8 ) and a degradation product of Naf1p (contained in band 9). Several minor bands correspond to factors very frequently found in large-scale TAPs, such as ribosomal proteins, protein chaperones, and translation factors (14a). Hence, their detection may not reflect a specific association with Naf1p. More interestingly, we identified all four H/ACA snoRNP proteins in the purified fractions, as well as several components of preribosomal particles. Cbf5p, the H/ACA snoRNP pseudouridylsynthetase, was identified in band 9 in a mixture with degradation products of Naf1p. While previous results suggest that Naf1p and Shq1p interact in vivo (23, 51), we did not find Shq1p in the Naf1p purification result. This negative result may be due to a lack of detection of Shq1p by mass spectrometry or to the fact that the Naf1p-Shq1p interaction may not resist the TAP tag purification procedure. To our surprise, three RNA polymerase II-associated proteins were also found in the purified fractions, namely, Spt16p, Sub1p, and Tfg1p. Unlike many of the less abundant proteins pulled down with Naf1p-TAP, Spt16p, Sub1p, and Tfg1p do not feature among the frequently observed "contaminant" proteins in large-scale TAP experiments. Spt16p is part of the yeast homologue of the human FACT complex and is important for linking transcriptional initiation to elongation (25, 32, 36) . The Sub1p protein has been involved in linking transcription initiation, 3Ј-end processing, and termination (2, 7, 15, 30) . Tfg1p is part of the general transcription factor TFIIF, which is involved in transcriptional initiation and elongation (32, 48) . The association of Naf1p and H/ACA snoRNP-related proteins with the RNA polymerase II machinery, while surprising, is in agreement with recent observations linking Cbf5p and the transcriptional machinery. Cbf5p was found associated with Rtf1p, a member of the Paf1 complex involved in transcriptional elongation, which itself interacts with Spt16p (33). Furthermore, Cbf5p was recently shown to interact with the phosphorylated RNA polymerase II CTD (42) . It is possible that the interaction among Naf1p, Cbf5p, and these transcription factors detected by our TAP tag purification is indirect, through multiple protein complexes. However, our proteomic approach reveals that H/ACA snoRNP proteins copurify with Naf1p and, taken together with recent results from other studies, suggest functional links among Naf1p, Cbf5p, and the actively transcribed chromatin. Naf1p and Cbf5p cross-link specifically with H/ACA snoRNA genes. The copurification of RNA polymerase II factors with Naf1p and the requirement of Naf1p for the stability of H/ACA snoRNAs suggested that Naf1p might be associated with transcriptional complexes at H/ACA snoRNA genes. This hypothesis is consistent with previous results suggesting an association between Naf1p and the phosphorylated CTD of RNA polymerase II (13) . The association of Cbf5p with the phosphorylated polymerase II CTD (42) and its association with the Paf1 complex (33) also suggested a link between Cbf5p and the actively transcribed chromatin at H/ACA snoRNA genes. To test whether Naf1p and/or Cbf5p are associated with the chromatin of snoRNA genes, we performed ChIP with Naf1-TAP-or Cbf5-TAP-tagged strains and tested the association of Naf1p and Cbf5p with various regions of an H/ACA snoRNA gene, SNR32. The sequence encoding the TAP tags is present at the 3Ј ends of the chromosomal loci encoding these proteins. Therefore, the genes coding for these proteins are expressed from their natural promoters in a normal chromosomal context. ChIP, followed by PCR amplification, showed that Naf1p and Cbf5p are enriched at the chromatin of the snR32 gene ( Fig. 2A and B) . This association is specific, as it was not observed with the untagged strain. Surprisingly, Naf1p and Cbf5p cross-linked more efficiently to the middle and downstream regions of the SNR32 gene (Fig. 2 , regions B and C) than to the promoter region (Fig. 2, region  A) . This result suggests that Naf1p and Cbf5p associate with the SNR32 gene during or immediately after transcription elongation rather than during transcription initiation. We performed similar ChIP experiments with the other core box H/ACA snoRNP proteins Gar1p, Nhp2p, and Nop10p; the H/ACA assembly factor Shq1p; and the three proteins identified by our TAP tag purification, Spt16p, Tfg1p, and Sub1p. In contrast to Naf1p and Cbf5p, Shq1p does not show a significant association with SNR32. Thus, it is likely that the described interaction between Naf1p and Shq1p does not occur when Naf1p is associated with the chromatin. Gar1p, Nhp2p, and Nop10p showed a weak association with this locus, only twofold above the background. Given the low enrichment observed for these proteins, we do not know whether they are significantly present at the chromatin of the SNR32 gene. This low enrichment cannot be attributed to inefficient immunoprecipitation of the corresponding proteins, as we consistently observed immunoprecipitation efficiencies for these proteins comparable to or better than the efficiency observed for Cbf5p (data not shown). We note, however, that the same gradient of association toward the 3Ј end of the gene can be observed for the core snoRNP proteins. Spt16p was highly enriched throughout the SNR32 gene, while Sub1p and Tfg1p showed a VOL. 25, 2005 COTRANSCRIPTIONAL RECRUITMENT OF Cbf5p AND Naf1p 3297
higher enrichment toward the promoter regions (probe A). The enrichment profile observed for these proteins in various regions of the SNR32 H/ACA snoRNA gene is consistent with previously published studies on mRNA genes (15, 25, 32) .
To ensure that the association of Naf1p and Cbf5p with the chromatin is not restricted to the SNR32 snoRNA gene, we performed ChIP experiments and probed for the presence of Naf1p, Cbf5p, Nhp2p, Nop10p, Gar1p, Shq1p, Spt16p, Tfg1p, and Sub1p on four additional H/ACA snoRNA genes, SNR3, SNR30, SNR37, and SNR42 (Fig. 3) . To control for the specificity of the association of Naf1p and Cbf5p with H/ACA snoRNA genes, we also investigated the presence of these proteins at the chromatin of four box C/D snoRNA genes, SNR39, SNR45, SNR50, and SNR63 (Fig. 4) . Because of space limitation, only the quantifications of the ChIP assays are shown. These experiments revealed that Naf1p and Cbf5p are present in the vicinity of all of the H/ACA snoRNA genes tested and that the same gradient of enrichment can be observed toward the 3Ј end of all H/ACA snoRNA genes. In contrast, no strong enrichment was observed for most of the box C/D snoRNA genes tested (Fig. 4) . A slightly higher enrichment was observed for SNR39 (Fig. 4) , but for most C/D snoRNA genes, the enrichments observed were close to background levels, suggesting that Naf1p and Cbf5p associate specifically with H/ACA snoRNA genes. As observed previously for the SNR32 gene, Nhp2p, Gar1p, and Nop10p showed only marginal or no enrichment, which could not be attributed to a low immunoprecipitation efficiency (see above). In contrast, Spt16p, Tfg1p, and Sub1p were found associated with all of the H/ACA and C/D snoRNA genes tested ( Fig. 3 and 4) . Spt16p was found sometimes enriched toward the 3Ј end (SNR37, SNR42), in a pattern similar to that of Naf1p and Cbf5p, while Sub1p and Tfg1p were predominantly associated with the promoter regions. The pattern of cross-linking of these RNA polymerase II-associated proteins with both types of snoRNA genes is consistent with previously published ChIP profiles for mRNA genes and supports a general role for these factors in RNA polymerase II transcription. Overall, these results demonstrate that Naf1p and the H/ACA pseudouridylsynthetase Cbf5p are present near the chromatin of box H/ACA snoRNA genes, particularly at the 3Ј end. This suggests that the assembly of the snoRNP begins during transcription elongation or transcription termination of the snoRNA genes. Cross-linking of Naf1p to the chromatin of H/ACA snoRNA genes requires active transcription but is independent of Ctk1p. To test whether transcription is required for Naf1p association with H/ACA snoRNA genes, we replaced the endogenous SNR32 gene promoter with a galactose-inducible promoter (GAL::SNR32) by homologous recombination (35) . We then tested the association of Naf1p with the SNR32 gene by ChIP in the GAL::SNR32/NAF1-TAP strain. ChIP experiments were performed on this strain grown in the presence of galactose, when transcription of SNR32 is active, and then shifted to a medium containing glucose to repress transcription of the SNR32 gene. The same experiment was performed in the context of the SNR32 endogenous promoter (SNR32 on Fig.  5A ) in order to monitor the effects of the carbon source on the association of Naf1p with the normal gene. This experiment showed that the association of Naf1p with the GAL::SNR32 gene was reduced to background levels when the cells were shifted from galactose to glucose (Fig. 5A) , indicating that transcription is required for Naf1p recruitment. We also note that the association of Naf1p with box H/ACA snoRNA genes (SNR3 and SNR32) under the control of their natural promoters is weaker in the presence of galactose than in the presence of glucose. This suggests that H/ACA snoRNA genes are more actively transcribed in glucose than in galactose and that the level of association of Naf1p as monitored by ChIP reflects the levels of transcription. Overall, these experiments demonstrate that the association of Naf1p with the H/ACA snoRNA genes requires active transcription.
Previous reports have shown that Naf1p associates preferentially with the phosphorylated CTD in vitro (13) , suggesting that Naf1p may associate with the phosphorylated CTD in vivo. Ctk1p is the protein kinase involved in phosphorylating the C-terminal domain of RNA polymerase II at serine 2 of the CTD repeats, and this phosphorylation event is a hallmark of late transcriptional elongation (31) . The requirement for active transcription and the gradient of association of Naf1p with the downstream regions of H/ACA snoRNA genes suggested that Naf1p associates with H/ACA snoRNA genes in the context of the elongating RNA polymerase. To investigate if Naf1p association with H/ACA snoRNA genes requires phosphorylation of the CTD at serine 2, we performed ChIP experiments on Naf1p in a ctk1⌬ strain. Deletion of the gene encoding Ctk1p has been shown to abolish recruitment of mRNA 3Ј-end processing factors (1) . If Naf1p associates with the phosphorylated CTD during transcriptional elongation similarly to mRNA 3Ј-end processing factors, one might expect that depletion of Ctk1p would inhibit recruitment of Naf1p. ChIP experiments in a ctk1⌬ deletion background showed that Ctk1p is not required for Naf1p association with H/ACA snoRNA genes (Fig.  5B) , suggesting that phosphorylation of the CTD at serine 2 is not a prerequisite for association of Naf1p. This result is reminiscent of data obtained with some RNA polymerase II elongation factors, in particular Spt16p, which are not dependent upon Ctk1p for their association with the chromatin of mRNA genes (1) . Association of Naf1p with box H/ACA snoRNA genes requires an intact H/ACA snoRNA sequence. The previous results showed that transcription is required for association of Naf1p with the H/ACA snoRNA genes. This requirement could be explained either by the recruitment of Naf1p to the transcribed snoRNA genes through an interaction with the transcribing RNA polymerase II machinery or by a recruitment of Naf1p through a direct interaction with the nascent H/ACA snoRNA transcript. The former hypothesis is consistent with the interaction between Naf1p and the CTD of RNA polymerase II observed in vivo by two-hybrid analysis and in vitro by glutathione S-transferase pull-down assays (13) . It is also consistent with the observed copurification of Spt16p with Naf1p (Fig. 1 ). The latter model is consistent with the RNA binding properties of Naf1p (13) . If Naf1p was recruited by the RNA transcript, one would expect that deletion of the H/ACA snoRNA sequence would inhibit the recruitment of Naf1p to the chromatin. However, such an experiment is problematic. In the case of independently transcribed snoRNA genes, deletion of the H/ACA snoRNA sequence would result in the deletion of almost the entire transcription unit, prohibiting any conclusion with respect to the role of the RNA. To circumvent this problem, we decided to investigate the association of Naf1p with the gene encoding the snR44 H/ACA snoRNA. In contrast to independently transcribed snoRNAs, snR44 is encoded within the second intron of the RPS22B gene (Fig. 6A) (8) . Therefore, deletion of the snR44 snoRNA sequence in the RPS22B long transcription unit is not expected to affect transcription. We deleted the SNR44 sequence from the chromosomal RPS22B locus in the Naf1-TAP-tagged strain by delitto perfetto (Fig. 6A) (47) . Northern analysis showed that the steady-state levels of the RPS22B mRNA were similar in a wild-type strain and in the snr44 deletion strains (data not shown), suggesting that deletion of the SNR44 sequence does not perturb the levels of transcription of the RPS22B gene. We then investigated the association of Naf1p with the RPS22B transcription unit by ChIP in strains containing the normal RPS22B gene or containing the RPS22B gene lacking the SNR44 intronic snoRNA sequence (⌬44). This experiment showed that Naf1p is associated with the chromatin of the RPS22B wild-type gene and that a 5Ј 3 3Ј gradient of enrichment can be observed, with the strongest enrichment observed immediately after the SNR44 snoRNA sequence (Fig. 6B) . This cross-linking profile is consistent with the results that we obtained for independently transcribed snoRNA genes ( Fig. 2  and 3 ). This result shows that Naf1p associates with H/ACA snoRNA genes, regardless of whether the snoRNAs are inde- VOL. 25, 2005 COTRANSCRIPTIONAL RECRUITMENT OF Cbf5p AND Naf1p 3301 pendently transcribed or intron encoded. In contrast, the crosslinking of Naf1p with the RPS22B gene was reduced to background levels when the SNR44 sequence was deleted (Fig. 6B ). This result strongly suggests that the binding of the RNA by Naf1p mediates the association of Naf1p with the chromatin of H/ACA snoRNA genes and that the H/ACA RNA plays a major role in the cotranscriptional recruitment of Naf1p. To further investigate this finding, we performed ChIP assays and treated the extract after cross-linking but prior to immunoprecipitation with RNase A. RNase treatment had no effect on Naf1p association with H/ACA snoRNA genes (data not shown). However, this negative result does not show that the snoRNAs are not responsible for the recruitment of Naf1p.
Formaldehyde addition results in the formation of proteinprotein and protein-DNA cross-links. Therefore, recruitment of Naf1p to the chromatin by the nascent snoRNAs could result in covalent cross-linking of Naf1p to chromatin proteins and to the DNA that cannot be removed by RNase treatment.
DISCUSSION
In this study, we have shown that Naf1p and the H/ACA snoRNP pseudouridylsynthetase Cbf5p can be cross-linked to the 3Ј region of H/ACA snoRNA genes ( Fig. 2 and 3 ). Moreover, H/ACA snoRNP proteins and the RNA polymerase II factors Spt16p, Tfg1p, and Sub1p copurify with Naf1p (Fig. 1) . These data support a model of cotranscriptional assembly of H/ACA snoRNPs. Given the ChIP data obtained for Cbf5p and the interaction between Naf1p and Cbf5p, Naf1p may be responsible for recruiting Cbf5p to the vicinity of the nascent H/ACA snoRNA transcripts. We could not test a direct role for Naf1p in Cbf5p recruitment to the chromatin, since depletion of Naf1p results in codepletion of Cbf5p (11) . Alternatively, interaction of Cbf5p with the Paf1 complex (33) or with the phosphorylated RNA polymerase II CTD (42) may be responsible for recruiting Cbf5p. Whatever the details of the mechanisms of the recruitment of Cbf5p, the results obtained in this study are consistent with a model in which the nascent RNA is bound by Naf1p and Cbf5p. We were unable to determine the exact sequence of the interactions among Naf1p, Cbf5p, and the nascent snoRNA. Naf1p could interact with Cbf5p before interacting with the nascent snoRNA or alternatively bind the nascent RNA and then recruit Cbf5p. Direct binding of the nascent snoRNA by Naf1p is consistent with the RNA binding properties of Naf1p (13) and with the results showing that deletion of the snR44 snoRNA sequence in the RPS22B transcription unit abolishes Naf1p recruitment (Fig.  6 ). The association of Naf1p and RNA polymerase II-associated proteins, in particular Spt16p, could be due to the binding of Naf1p to the nascent transcript in the context of the elongating RNA polymerase. In this respect, it is worth noting that the ChIP profile of Spt16p on H/ACA snoRNA genes is sometimes similar to those of Naf1p and Cbf5p ( Fig. 2 and 3) . Binding of Cbf5p to the nascent RNA, possibly recruited by Naf1p, would nucleate the assembly of the snoRNP. Binding of the other H/ACA snoRNP proteins may occur at a later stage, as the chromatin enrichment observed for these proteins is often marginal. However, it is also possible that some of these proteins join Cbf5p early during transcriptional elongation but that the epitopes used for the ChIP assays for these other proteins are masked when the proteins are cross-linked to the chromatin, resulting in only marginal enrichment. The gradient of enrichment observed for these proteins is consistent with early recruitment, but in the absence of higher values, it is impossible for us to draw conclusions about their actual presence at the chromatin of H/ACA snoRNA genes.
The enrichment profiles of Naf1p and Cbf5p for H/ACA snoRNA genes show a strong cross-linking gradient toward the 3Ј ends of these genes. This suggests that Naf1p and Cbf5p are recruited only when most of the transcript has been produced, possibly during the late stages of transcription elongation or transcription termination. Because of the low resolution of the ChIP technique, it is impossible to tell whether the gradient of enrichment observed toward the 3Ј ends of the genes is representative of progressive loading of the Naf1p and Cbf5p proteins during elongation or whether loading of Naf1p and Cbf5p occurs only at the very termini of the snoRNA genes. Recent results have shown that mammalian and yeast H/ACA snoRNP proteins can form a stable complex in the absence of a snoRNA (19, 50) . These results have suggested that a preformed cytoplasmic snoRNP protein complex directly binds the snoRNAs. The results presented here show that yeast H/ACA snoRNP assembly occurs cotranscriptionally and that at least one of the H/ACA core snoRNP proteins, Cbf5p, associates with the H/ACA snoRNA gene during transcription elongation or termination. We do not know whether this mode of assembly is also conserved in the case of mammalian H/ACA snoRNPs. Although their protein components are conserved, the mechanisms of snoRNP assembly may differ significantly between yeast and metazoan cells, consistent with a difference in their modes of expression. While most yeast H/ACA snoRNAs are independently transcribed, mammalian snoRNAs are generated from excised lariat introns by debranching and exonucleolytic digestion or by endonucleolytic cleavage. While we detected significant enrichment of Naf1p in the vicinity of an intronic yeast snoRNA sequence (Fig. 5) , the binding of biogenesis factors and/or mammalian H/ACA snoRNP proteins may occur only after some of the splicing steps have occurred, and not necessarily in a cotranscriptional manner. This hypothesis is supported by the observation that binding of another class of mammalian C/D snoRNP proteins to the snoRNA transcript occurs only at a late stage of spliceosome assembly (21) .
Overall, our results strongly suggest that the yeast H/ACA snoRNP assembly process begins cotranscriptionally. Previous studies have demonstrated a functional linkage between transcription and yeast C/D snoRNP formation. Mutations in the conserved D box perturb C/D snoRNA gene transcription (40) . In addition, the box C/D snoRNP protein Nop1p interacts with the chromatin of C/D snoRNA genes (40) , suggesting that yeast C/D snoRNP assembly also begins cotranscriptionally. In the case of C/D snoRNPs, a good candidate for a factor whose role is similar to that of Naf1p is Bcd1p, which is not a core component of box C/D snoRNPs, but whose depletion leads to a specific decrease in the levels of yeast C/D snoRNAs (41) . Interestingly, Nop1p is thought to carry the methyltransferase activity of C/D snoRNPs. Our results obtained with Cbf5p and those described for Nop1p (40) suggest that the enzyme responsible for the catalytic activity of the snoRNPs is involved in the earliest steps of snoRNP assembly in vivo. The enzymes are likely loaded onto the guide RNA cotranscriptionally, with the possible assistance of assembly factors such as Naf1p. Whether or not other snoRNP subunits are also assembled at this stage remains to be determined.
